Despite continual fluctuations in walking surface properties, humans and animals smoothly transition between terrains in their natural surroundings. Walking transitions have the potential to influence dynamic balance in both the anterior -posterior and medial -lateral directions, thereby increasing fall risk and decreasing mobility. The goal of the current manuscript is to provide a review of the literature that pertains to the topic of surface slope transitions between level and hill surfaces, as well as report the recent findings of two experiments that focus on the neuromuscular strategies of surface slope transitions. Our results indicate that in anticipation of a change in surface slope, neuromuscular patterns during level walking prior to a hill are significantly different from the patterns during level walking without the future change in surface. Typically, the changes in muscle activity were due to co-contraction of opposing muscle groups and these changes correspond to modifications in head pitch. In addition, further experiments revealed that the neck proprioceptors may be an initial source of feedback for upcoming surface slope transitions. Together, these results illustrate that in order to safely traverse varying surfaces, transitions strides are functionally distinct from either level walking or hill walking independently.
EXPERIMENT 1: INTRODUCTION
Despite continual fluctuations in walking surface properties, humans and animals smoothly transition between terrains in their natural surroundings. A walking transition is the process of moving from an initial condition to a final condition where there is a mandatory change in joint kinematics and muscle activity between conditions. Examples of these walking transitions include modifications to surface slope, navigation of stairs, alterations in stiffness and changes in direction. Walking transitions have the potential to influence dynamic balance in both the anterior-posterior and medial-lateral directions. In fact, previous research has documented walking transitions as the primary cause of falls and a reason for decreased mobility [1] [2] [3] . Therefore, understanding the neuromuscular strategies during walking transitions will provide critical information for the fields of rehabilitation, prosthetics and robotics.
The goal of the current manuscript is to provide a review of the literature that pertains to the topic of surface slope transitions (level surface to hill surface) and report the recent findings of two experiments that focus on the neuromuscular strategies of these transitions. First, we recount pertinent past results related to hill walking independently, transitions onto an uphill slope, and the temporal-spatial patterns during both uphill and downhill transitions. Second, we present the findings from Experiment 1, which is a focus on muscle activity and head pitch angle during the anticipation as well as the transition to a sloped surface in adult humans. Third, we briefly summarize past results on how individual sensory systems potentially aid in surface slope transitions. Fourth and finally, we present the findings from Experiment 2, which is an evaluation of the contribution of neck proprioreceptors as well as the vestibular system during hill walking in decerebrate cats. Although our two experimental models differ in obvious and numerous ways, we aim to provide a link between the two protocols that enables us to gain insight into how the sensory systems potentially influence transitions.
The transition from level to hill walking involves a reorientation of the body with respect to gravity. Muscle activity can be altered by this change in position based upon information about orientation of the body with respect to the head from neck proprioceptors and orientation of the head with respect to gravity from vestibular apparatus [4, 5] . Thus, both of the current experiments involve evaluating the pitch of the head in order to gain an understanding of how these sensory systems may influence the neuromuscular patterns during surface slope transitions. For the adult human experiments, we wanted to answer the following questions: (i) How many steps prior to an uphill or downhill slope do muscle activity patterns change in anticipation of the new surface? (ii) Do the modifications in muscle activity parallel the timing of modifications to head pitch? For the decerebrate cat experiments, we wanted to answer the following questions: (i) How does head pitch influence uphill and downhill walking? (ii) How does the vestibular system affect muscle activity patterns during hill walking? In short, it is plausible that humans and animals adopt a distinct neuromuscular strategy during the transition strides between a level and a hill surface. Uphill and downhill walking both require modifications to the typical gait parameters of level walking, such as kinematics, kinetics and EMG. Sun et al. [6] investigated the influence of surface slope on the gait kinematics of 2400 people walking on naturally varying hills in the environment. They found that walking speed is significantly slower during uphill walking when compared with downhill walking [6] . However, not as intuitive, this decreased speed was the product of a significant decrease in step frequency and a slight increase in step length. By contrast, during downhill walking, the main effect was a shorter step length as a means to counteract the reduction in friction. In laboratory settings, similar kinematic trends have been recorded with the addition of joint kinematics. For instance, compared with level walking, during uphill walking, flexion of the hip, knee and ankle joints are greater at heel strike, and extension of these joints is greater at midstance. These kinematic alterations are necessary in order to raise the limb for foot clearance and heel strike. During downhill walking, flexion of the hip is less during late swing and early stance while the flexion of the knee is greater during stance [7, 8] .
The kinematic data illustrate modifications to body segment configurations, which indicate that both ground reaction forces and joint moments are also altered due to a change in surface slope [9] . Compared with level walking, during both uphill and downhill walking, the normal component of the ground reaction force is similar in shape with differing peak values while the parallel component demonstrates specific, significant differences dependent upon grade. During uphill walking the braking force is less and the propulsive force is greater, whereas during downhill walking the braking force is greater and the propulsive force is less [8, 10] . In terms of joint moment kinetics, during uphill walking the hip extensor moment is greater and the flexor moment is delayed. Also, as the uphill slope increases, both the knee extensor and ankle extensor moments are greater than level walking. Directly opposite, during downhill walking the hip extensor moment is delayed, while knee extensor and ankle extensor moments are less [7, 11] .
Based upon the identifiable kinematic and kinetic patterns during hill walking, EMG data also demonstrate unique patterns [12] . Compared with level walking, during uphill walking, mean activity during stance is greater in each lower leg muscle group with the exception of ankle flexors. During downhill walking, mean activity during stance is greater in hip flexor, knee extensor and ankle flexor muscle groups but less in the ankle extensor muscles. Similarly, compared with level walking, the timing of muscle activity bursts is dependent upon slope. During uphill walking, with the exception of ankle flexors, burst duration is shorter. While during downhill walking, the muscles associated with hip flexion, knee extension and ankle extension demonstrate longer burst duration [13] .
Similar EMG patterns during hill walking have been documented in cats [14, 15] . Smith and her coworkers [16 -19] described the activation patterns in hind limb musculature during a variety of tasks, including walking on slopes. During uphill walking, activation of the ankle extensors and knee extensors is greater due to the higher propulsive force requirements. During downhill walking, the orientation of the limb axis with the gravity vector results in an imposed extensor moment at the hip. This external force requires a change in the balance of required muscle moments such that the activation of the knee flexors is less, and of the hip flexors is greater during stance compared with the conditions for level walking.
Earhart & Bastian [20] and Prentice et al. [21] conducted investigations on the transition between level and sloped surfaces. Earhart & Bastian [20] examined the strategies of taking a single step on an inclined wedge. Each participant walked on a level surface, stepped on an incline wedge with one foot, and continued walking on an elevated level surface. Interestingly, participants used two different strategies dependent upon the slope of the wedge. For the 108 wedge trials, peak hip flexion occurred during mid-swing and peak ankle flexion occurred during late stance, whereas for the 208 and 308 trials, these peak values occurred during heel strike and mid-stance. These individual strategies corresponded to the muscle activity data. As the wedge inclination increased, hip and knee flexor muscles were activated close to heel strike, and ankle flexor activity was prolonged after heel strike. At an intermediate incline of 158, the participants inconsistently switched between the two strategies. In summary, the neuromechanical and neuromuscular systems were coordinated to provide efficient adaptations for numerous scenarios [20] .
Prentice et al. [21] also investigated the transition from a level to an incline surface, but the surface was a ramp. They collected walking kinematic data during the approach to the ramp and during the initial step on the ramp for 38, 68, 98 and 128 conditions. Both limb and trunk motions were modified in a scaled fashion in order to navigate surface slope transitions. They observed that participants anticipate the transition by modifying their trunk orientation and leg swing trajectory prior to the first step on the sloped surfaces. Subsequent to the transition, the swing limb response consisted of two specific stages. During the first step, the swing leg trajectory was exaggerated for the present slope. While during the second step, the trajectory was specific for the present slope. So the first step ensured foot clearance while the second step tailored the trajectory for the new surface slope [21] .
Past studies differentiate between gait strategies by evaluating temporal-spatial parameters, such as speed, step length, stance time and step width [22] [23] [24] [25] [26] . For instance, in an effort to improve anterior -posterior balance, adults walk with a slower speed, shorter step length and greater stance time [26, 27] . In order to enhance medial -lateral balance, adults walk with a wider step width by maintaining a larger distance between the heels or toes [26, 28, 29] . Together, changes in the mean magnitude of these parameters illustrate that individuals modify their gait patterns as a precaution to a future decrease in balance. Moreover, changes in stride-to-stride variability of speed, step length and stance time illustrate that individuals modify their patterns as a reaction to a current decrease in balance [26] . Thus, when comparing temporal-spatial gait strategies between strides of level, hill and transition walking, it is important to examine both mean differences as well as variability differences.
We recently analysed modifications in temporalspatial parameters during hill walking transitions [30] . We hypothesized that in comparison with level walking, the transition strides (toe-off on level to toeoff on hill), from a level surface to an uphill surface (L-UP) or to a downhill surface (L-DN), would indicate the adoption of a distinct gait strategy with a larger base of support (BOS). Twenty men and 20 women completed level and hill trials on a walkway with a 158 portable ramp apparatus. We collected data during the transition strides between level and hill surfaces as well as the level and hill surfaces independently.
We evaluated speed, step length and stance time as well as heel and toe step width during double support. In addition, we calculated the total area between both feet as a measure of BOS. Finally, we evaluated the variability of speed, step length and stance time by calculating the standard deviation between trials of each condition for each participant. This measure was used to evaluate within-subject, trial-to-trial, variability as opposed to subject-to-subject variability, which is represented for each variable as standard deviation.
Our results illustrated that healthy, young adults did adopt a distinct gait strategy different from both level and hill walking during all of the transition strides (table 1 and figure 1 ). During the L-DN transition, speed, step length and stance time were significantly less than level walking while variability, step width and BOS were all greater. During the L-UP transition, speed was less than level walking, and step length variability and BOS were both greater. In sum, we accepted our hypothesis that transition strides were unique compared with both level and hill walking strides.
To begin, during the L-DN transition speed was significantly slower due to a shorter step length than level walking, while during the L-UP transition step length was significantly longer. Chen et al. [31] observed that clearing an obstacle of minimal height resulted in a 10 per cent greater step length and this length increased more as the obstacle height increased [31] . These results correspond closely to the 11 per cent longer step length during the L-UP condition because of the increase in toe clearance owing to the edge of the ramp.
Step length variability was also significantly greater during L-DN and L-UP compared with level walking (table 1). Chen et al. [31] reported that step length variability was greater when stepping over an obstacle and Maki [26] concluded that this increase was an indication of increased fall risk. Therefore, it is probable that participants perceived these strides as an obstacle and they attempted various strategies to maintain anterior-posterior balance during the transition.
Step width at the heel and toe exhibited significant changes in multiple conditions. Step width at the heel was wider during L-DN as participants adopted an increased BOS to improve medial -lateral balance. It is possible that there are metabolic determinants to these step width modifications. Donelan et al. [32] manipulated step width while measuring metabolic cost. They concluded that walking adults prefer a step width that minimized metabolic cost while maintaining balance. So it appears that during L-DN, the participants prioritized the maintenance of balance over the minimization of metabolic cost.
By contrast, toe step width was significantly smaller during both the L-UP and UP conditions. It is possible that this modification is a strategy used to improve propulsion. Erdemir & Piazza [33] support this idea and 14 (6) 13 (7) 11 (5) 12 (8) 13 (5) (c) step width heel (cm) 11.9 (2. stated that internal or external rotation of the foot has the potential to modify the force-generating capacity of the ankle extensors. Previous research has evaluated the effects of toe position and speed. For example, Ho et al. [34] discovered a correlation between narrow toe position and faster walking speed in children. It appears that the participants prioritized propulsion over medial -lateral balance during these conditions, as the BOS was smaller than during level walking. Experiment 1 investigates two questions: How many steps prior to an uphill or downhill slope do muscle activity patterns change in anticipation of the new surface? Do the modifications in muscle activity parallel the timing of modifications to head pitch?
Our primary rationale for Experiment 1 is that evaluating the temporal -spatial muscular patterns and head pitch angles during the anticipation strides will indicate the required time course and potential sensory mechanisms necessary for appropriate transitions. According to our previous results, we hypothesized that in comparison with level walking, speed would be slower and variability would be greater during the downhill anticipation strides while step length variability would be greater during the uphill anticipation strides. In addition, due to the mandatory modifications in muscle activity between level and hill walking, we hypothesized that the anticipation strides would be significantly different from both level and hill walking independently.
EXPERIMENT 1: METHODS
Ten men and 10 women (age
completed the protocol. Prior to involvement, each participant confirmed that they had no muscular, joint or neurological disorders that would prevent them from recreational walking for 30 min. All of these healthy students gave written informed consent that followed the guidelines of The Pennsylvania State University Human Research Committee.
Each participant completed a standing trial and a series of randomly assigned walking conditions on the level and hill surfaces. All of the walking trials were completed at a self-selected velocity along a 25 m walkway. We used a custom-built portable apparatus composed of a 2.4 m ramp inclined at 158 continuous with a 4.8 m plateau. The minimum total walking distance was 14.2 m.
A complete dataset was comprised of the successful completion of five level walking trials and 40 hill walking trials. Due to the limited collection volume of the motion analysis system, we shifted the apparatus to collect the appropriate stride. We collected five walking trials during the two hill only strides, downhill ramp (DN), and uphill ramp (UP); two transition strides, level plateau to downhill ramp (L-DN) and level floor to uphill ramp (L-UP); and also as two anticipation strides six and four steps away from both the uphill (6-UP, 4-UP) and downhill (6-DN, 4-DN) ramp. A trial was defined as successful if a full stride of the left leg from toe-off to toe-off was captured in the collection volume. A transition stride was defined to include the left toe-off and right foot contact on the original surface and the left foot contact (step 1) and right foot contact (step 2) on the transition surface. A stride was defined in this way in order to evaluate step length and step width during the first double support after the transition. Participants were instructed to begin walking with the left or right leg at the start of each trial to adjust for changes in stride characteristics between conditions. We collected kinematic data with a six-camera, passive marker three-dimensional photogrametry system (Motion Analysis Corporation, Santa Rosa, CA, USA). The calibration residual was less than 0.5 mm in a capture volume of approximately 2 Â 2 Â 2 m. Prior to data collection, we placed retroreflective markers bilaterally on the temporal fossa, mastoid process, medial clavicle, anterior superior iliac spine, lateral femoral epicondyle, lateral malleolus, posterior calcaneous, fifth metatarsal and first metatarsal. We also placed a single marker on the sacral crest and seventh cervical spine. For the current study, we measured the head pitch angle between the head and trunk as two segments: the head segment between the temporal fossa and mastoid process and the trunk segment between the seventh cervical spine and the medial clavical. We collected the marker data at 100 Hz and post-processed the data with EVaRT software (v. 3.21, Motion Analysis Corporation). A purpose-written MATLAB program (v. R2006b, The Mathworks, Natick, MA, USA) was used for subsequent data processing that included a low-pass filter for the marker trajectories at 7 Hz (fourth-order, dual-pass, Butterworth).
We measured EMG signals using a telemetered amplifier system (Bortec Octopus AMT-8, Calgary, AB, Canada). Prior to electrode placement, we prepared the skin with fine sandpaper and rubbing alcohol. We placed bipolar, silver -silver chloride, surface electrodes (Vermed, A10 041, Bellows Falls, VT, USA; 1 Â 1.5 cm rectangles) over four muscles (lateral gastrocnemius (LA), tibialis anterior (TA), rectus femoris (RF) and biceps femoris (BF)) of the left leg according to the recommendations by Cram & Kasman [35] . We verified that the cross talk between muscles was negligible with a series of contractions suggested by Winter et al. [36] and Cram & Kasman [35] .
To analyse the EMG data, we created linear envelopes by first high-pass filtering the data at 20 Hz, full wave rectifying, then low-pass filtering at 5 Hz [37] . Each stride was further divided into seven time segments. Swing phase was then categorized into: (i) initial swing from 0 to 34 per cent of swing phase, (ii) mid-swing from 34 to 60 per cent of swing phase, (iii) terminal swing from 60 to 100 per cent of swing phase. Stance phase was categorized into: (iv) initial stance from 0 to 20 per cent of stance phase, (v) mid-stance from 20 to 57 per cent of stance phase, (vi) late stance from 57 to 81 per cent of stance phase, and (vii) terminal stance from 81 to 100 per cent of stance phase. For each participant, we normalized the mean EMG amplitude (mEMG) for each experimental condition based on the mEMG for the level walking condition.
All data were analysed across transition conditions using a repeated measures design (ANOVA). Where appropriate, we performed Newman -Keuls post hoc tests to analyse the differences between conditions and reported all values as mean + standard deviation. Significance was defined as p , 0.05.
EXPERIMENT 1: RESULTS
The temporal-spatial results indicate that healthy young adults begin to transition as early as six steps prior to the future hill. The anticipatory adjustments were particularly evident during the downhill conditions. In comparison with level walking, speed was significantly slower, stance time variability was less and toe step width was wider (table 2 , all values, p , 0.05). These details illustrate that the participants consistently walked cautiously in approach of the downhill slope. The adjustments were different during the uphill conditions where stance time variability was greater and the BOS was greater. Another interesting change was a significant increase in step length four steps from the ramp. It is possible that four steps prior to the ramp are crucial in term of assuring an optimal distance for a safe transition step.
With minimal kinematic changes, the original assumption would be that net joint moments would not be significantly different, however it is possible that the same net moments could be produced with greater co-contraction, resulting in greater joint stiffness and perturbation responses. The muscle activity data indicate that the anticipation strides as well as the transitions strides are distinct from both level and hill walking (figure 2). For the uphill conditions, LG activity was significantly greater than level walking during stance of 4-UP, L-UP and UP with the highest activity during L-UP (figure 2a, all values p , 0.01).
For the downhill conditions, LG activity was significantly less during L-DN and DN (figure 2e, all values p , 0.05). Similarly, TA activity was also greater for the uphill conditions than level walking during 4-UP, L-UP and UP during terminal swing and early stance while the only difference during the downhill conditions was a greater activity during 4-DN during terminal swing (figure 2b,f; all values p , 0.05). For the RF, activity was significantly greater for terminal swing and early stance of the uphill conditions L-UP and UP, and less during 6-UP and 4-UP (figure 2c, all values p , 0.05). By contrast, there was an additional burst of activity for the RF during mid-to late stance during L-DN and DN (figure 2g, all values p , 0.01). Finally, for the BF, activity was significantly greater during L-UP and UP during initial stance and significantly earlier during 4-UP while the only significant difference during the downhill conditions was during DN (figure 2d,h, all values p , 0.05). Similar to the muscle activity data, the mean head pitch angles demonstrate that the anticipation and transition strides are significantly different from level walking ( figure 3 ). The mean pitch angle during level walking was 91.18 while the mean pitch angle during uphill walking was 83.78 ( figure 3a) . Overall, during the uphill anticipation strides, the mean head pitch was less than level walking. To add, as the participants approached the slope, the head pitch angle decreased and reached a minimum as the participants completed a full stride on the ramp (p , 0.05). On the other hand, the mean angle during downhill walking was 87.18 but at the beginning of the stride the angle was 90.18 and increased to 92.48 ( figure 3b) . When the participants completed a full stride on the ramp in the downhill direction, the head pitch angle was significantly greater than level walking (p , 0.05). Overall, it appears that these modifications to head pitch stabilize the head with respect to ground or the gravity vector, thereby maintaining a constant input to the otolith organs. 
EXPERIMENT 1: DISCUSSION
Together, our muscle activity and head pitch data indicate that the neck proprioceptors as well as the vestibular system may aid in the adaptation of transition strides. Beginning with the initiation of walking, the participants could see the ramp apparatus. During the uphill condition, head pitch was less than level walking beginning four steps prior to the ramp. This modification in head pitch corresponded to greater co-activation of the LG and TA in preparation for the future increase in propulsive demands. Head pitch continued to decrease throughout the transition as well as during uphill walking. Similarly, during the downhill conditions, head pitch was also less during the anticipation and transition strides but was greater during downhill walking. So head pitch is potentially used as a means to modify gaze during the preparation for the hill during level walking as well as to stabilize the vestibular system during hill walking. Another example of modifications in neuromuscular strategies with a known perturbation is anticipated tripping. Pijnappels et al. [38] investigated the temporal-spatial patterns of young adults during walking after they had been warned about the possibility of a trip. Compared with the control, level walking, there were no differences in walking speed, step length or stance time, but step width and minimum foot clearance were slightly, yet significantly greater. In a subsequent study, Pijnappels et al. [39] collected EMG data during walking on level ground, immediately after a trip, and several trials after a trip occurred. Similar to the kinematic results, they recorded small but statistically significant changes compared with the level condition. Semitendinosus (ST), RF, vastus lateralis (VL) and TA activity were greatest during the trials immediately after a trip, illustrating a cautious strategy with co-contraction. Both the current study and these past studies demonstrate how level walking in unique scenarios can elicit cautious neuromuscular strategies despite the fact that the participants are, in fact, walking on level ground.
Our results suggest that head pitch influences the gain of the lower limb musculature and aids in the transition between level and hill surfaces. Individuals with increased neck tone and decreased neck mobility may suffer additional challenges during walking on non-level surfaces. For instance, individuals with Parkinson's disease rotate the head and the trunk simultaneously during walking and turning [40] [41] [42] . To add, Franzen et al. [43] correlated neck tone and walking performance on six functional tests. For individuals with Parkinson's disease, greater neck tone corresponded to greater variability and therefore balance was compromised. An inability to freely modulate the position of the head independent of the trunk may reduce the mobility in Parkinson's disease patients as well as individuals with reduced control of the head position.
EXPERIMENT 2: INTRODUCTION
The visual system typically dominates the alternative sensory systems during walking when exploring the environment [44, 45] . Vision allows walking adults to anticipate necessary changes in gait based upon the location of the new surface [46] . Warren et al. [47] added to the principle by concluding that optic flow during movement is a key component during walking in complex environments. The critical time period for this anticipatory modulation of the walking pattern appears to occur at least two steps ahead of the obstacle or perturbation [48] . This is an appropriate time frame for the amendment of the swing leg trajectory in order to maintain dynamic balance [49] .
Numerous studies have demonstrated that the vestibular system also aids in the maintenance of balance as well as directional tuning during walking [50] . Fukuda [51] discovered that when individuals with vestibular neuritis closed their eyes while stepping in place, the body would rotate in the direction of the deficit [51] . The significance of vestibular tone apparently decreases with either increasing step frequency or increasing speed [52 -54] . Dietz and co-workers attributed this decline in vestibular input to spinal cord mechanisms [55, 56] . Thus, the vestibular system may be an additional factor in the maintenance of dynamic balance especially in moderate speed walking scenarios that involve a change in head pitch.
Head pitch, defined as the angle between the head and trunk segments, contributes both to the feedback of various sensory systems as well as stability of the head in space. In short, head pitch assists in dynamic balance during locomotion in addition to providing compensation of trunk motion [57] . For example, the position of the head will influence the direction of vision, the activity of the otolith organs and semicircular canals, and stimulation of the neck proprioreceptors. Cromwell et al. [58] documented the sagittal plane kinematics of the head, neck and trunk during locomotion. They demonstrated that head pitch had the greatest variability of the three segments and that the neck was typically extended in opposition to the flexed trunk. During level walking, the extended neck causes a flexed head position in order to maintain the orientation of the head within the BOS. In addition, the flexed head aids in gaze stabilization and vestibular function. Pozzo et al. [59] estimated that this combination of head flexion, neck extension and trunk flexion optimizes the feedback from the horizontal semicircular canals and otolith organs.
Several investigators have examined similar locomotor paradigms and provided justification regarding these neural mechanisms for slope transitions. Recently, af Klint et al. [60] concluded that both cutaneous and proprioceptive afferent fibres provide appropriate within-step information as participants walked over an uneven support surface [50] . More specifically, numerous studies have concluded that stretch reflexes in the lower limbs are a primary source of rapid feedback by applying perturbations to the ankle [61, 62] and hip [63] . Earlier, Roberts [64] demonstrated that neck proprioceptors as well as the vestibular apparatus initiate modifications in muscle activity by pitching the surface or pitching both the surface and the head. Hence, it is realistic to suggest that limb and neck proprioceptors, as well as the vestibular afferents contribute to the initiation of appropriate muscular patterns during surface slope transitions.
Our past data on decerebrate cats demonstrated that the position of the head aids in the generation of these smooth transitions [65] . We manipulated head pitch during level walking and the EMG results resembled previous research on muscle patterns of intact cats during hill walking. For instance, muscle activity during level walking with a head pitch nose down mimicked uphill walking. Muscle activity during level walking with a head pitch nose up mimicked downhill walking. These alterations in muscle activity occurred within one step of altering the head pitch but dissipated as level walking continued. In summary, the time course of muscle activity patterns due to modifications in head pitch is immediate and transitory. We therefore concluded that, since body orientation had not changed, the vestibular apparatus and neck proprioceptor afferent signals eventually cancelled each other. In other words, the transient effect was presumably an immediate response triggered by the neck afferents, which was then cancelled by a delayed, yet prolonged, signal from the vestibular system. Experiment 2 investigates two questions: How does head pitch influence uphill and downhill walking? How does the vestibular system affect muscle activity patterns during hill walking?
Our primary rationale for the second experiment is that evaluating the time course of modifications to treadmill slope and head pitch on muscle activity patterns will indicate the sequence of effects from the individual sensory systems. According to our previous results, we hypothesized that when we pitched the treadmill without manipulating head position, the appropriate muscle activity for hill walking would be delayed but prolonged. In addition, our secondary rationale is that evaluating the muscle activity of decerebrate walking cats while head pitch is manipulated following a bilateral labyrinthectomy will indicate if the neck proprioceptors can independently regulate the appropriate walking patterns. Since the putative body orientation signal is composed of both neck and vestibular afferent information, we hypothesized that when we remove the vestibular apparatus, the neck proprioceptors could initiate the immediate but transient appropriate muscle activity similar to hill walking.
EXPERIMENT 2: METHODS
Six decerebrate cats walked at 0.7 m s 21 on a treadmill positioned level, 50 per cent uphill or 50 per cent downhill, with the head pitch either parallel to the treadmill, 50 per cent pitch nose down or 50 per cent pitch nose up. We collected EMG data from five hindlimb muscles. At the conclusion of these initial experiments, we successfully performed a bilateral labyrinthectomy on three of the animals and subsequently collected additional walking data. The Emory University Institutional Animal Care and Use Committee approved all the procedures used in this study.
For each experiment, we started by anaesthetizing the cat with isoflurane and inserting EMG electrodes. The electrodes were 38 Gauge braided and coated, stainless steel wire with approximately 1 mm of the Teflon insulation removed. We tied the wires in staggered fashion to prevent contact of the de-insulated ends, and inserted the wires into each muscle using a needle and the long end of the suture. We implanted these wires in select hindlimb muscles: iliopsosas (ILIO; hip flexor), anterior BF (aBF; hip extensor), anterior semimembranosus (aSM; hip extensor), ST (hip extensor and knee flexor) and VL (knee extensor). The EMG electrodes were connected to the custom preamplification stage using miniature gold connectors.
Following EMG electrode insertion, the cat was positioned over a treadmill in natural stance with the head fixed in a sterotaxic frame and hip height controlled with a clamp attached to the base of the tail. Next, we performed a premammillary decerebration [65] . The brainstem was transected rostral to the superior colliculus, at approximately a 458 angle, in order to preserve the mammillary bodies and subthalamic nucleus. All brain matter rostral to the transection was removed. Following the gradual reduction of anaesthesia until discontinuation, lasting approximately an hour, we imposed a rhythmic pattern by turning on the treadmill. In order to manipulate head pitch, the stereotaxic frame was mounted on a pivot located at the base of the skull at the atlantooccipital joint. In order to manipulate treadmill pitch, the treadmill frame was mounted at the appropriate angle with a custom built wooden lift secured to the frame with c-clamps.
After the initial head pitch and treadmill hill protocol, we performed a bilateral labyrinthectomy on each of the animals. We temporarily removed the head of the animal from the stereotaxic frame and manually held the head at the base of the skull. Next, we drilled a first hole into the external auditory meatus at a 908 angle followed by a second hole into the cranium tympanic bulla beginning approximately half a centimetre inferior at a 458 angle superiorly and medially. Following the experiment termination, we verified that performing a dissection destroyed the vestibular apparatus.
We processed the EMG data in two stages. First, we determined when in a stride the muscles were active, and second, we quantified the magnitude of activation. After collection at a rate of 2000 Hz, the data were band-pass filtered to retain frequencies between 10 and 500 Hz. A MATLAB program was created to determine the difference between the baseline and periods of muscle activity. We defined a period as active if the EMG activity exceeded a threshold of two standard deviations above the baseline mean for at least 50 ms. For the amplitude analysis of the active periods, we full-wave rectified the band-pass-filtered signals and calculated the mEMG.
We analysed EMG data, separated into swing and stance activity, across all conditions using a 7-level one-way repeated measures analysis of variance (ANOVA). Additionally, we performed a NewmanKeuls post hoc test to analyse the differences between each experimental condition. Significance was defined as p , 0.05.
EXPERIMENT 2: RESULTS
As we hypothesized, during uphill and downhill walking with the head pitch parallel, the muscle activity did not initially correspond with the previous reports of hill walking (table 3 and figures 4 and 5). However, after approximately three steps, the muscle activity began to resemble typical slope traces. Identical to our previous study, our level data immediately after we manipulated head pitch were also equivalent to the research on hill walking (figures 4 -7). Subsequent to the labyrinthectomy, our level data for decerebrate walking cats immediately after we manipulated head pitch were surprisingly equivalent to the past slope data for intact cats ( figures 5 -7) .
The aSM, typically active during stance, demonstrated the transient effect of head pitch and the delayed effect of treadmill pitch during uphill conditions (table 3 and figure 4a ). For instance, specific to the transient effect of head pitch, aSM muscle activity during level walking with a 50 per cent head pitch down immediately mimicked uphill walking for two steps. But after these initial steps, the elevated stance activity decreased back to a level pattern. Specific to the delayed effect of treadmill pitch, aSM muscle activity during uphill walking with the head parallel did not resemble typical uphill walking patterns until at least the third step. On the other hand, aSM activity during uphill walking with a 50 per cent head pitch down mimicked uphill walking for the entire trial. Similarly, ILIO, aBF, ST and VL all demonstrated appropriate uphill walking patterns immediately after the treadmill was sloped with the head pitch down (table 3) .
Likewise, the ILIO elicited the transient effect of head pitch and delayed effect of treadmill pitch during downhill conditions (table 3 and figure 4b ). For example, ILIO muscle activity during level walking with a 50 per cent head pitch up immediately mimicked downhill walking patterns for two steps, which included stance phase activity unique to the decline. Again, these patterns were not permanent, the stance phase activity returning to quiescence after less than 2 s after the head pitch. During downhill walking with head pitch parallel, the ILIO muscle activity did not resemble typical downhill walking patterns until at least the third step. Equivalent to the uphill results of aSM, ILIO activity during downhill walking with the 50 per cent head pitch up mimicked downhill walking for the entire trial. Likewise, aBF, ST, aSM and VL all demonstrated appropriate downhill walking patterns immediately after the treadmill was sloped with the head pitch up (table 3) .
Finally, the labrinthectomy protocol did not influence the immediate effect of our data during level walking with (figures 5 -7). The ST, VL and aBF demonstrated the similar transient effects of head pitch and the delayed response of treadmill pitch. In detail, muscle activity during level walking with the head parallel did not differ between the pre-and post-labrinthectomy trials with the exception of small increases in background activity. Interestingly, the transient effect of the head pitch protocol was actually extended following the labrinthectomy, as the magnitude of the muscle activity did not return to level values for five to seven steps.
EXPERIMENT 2: DISCUSSION
The mechanisms by which these changes in muscular activity occur are unknown, but it seems likely that some combination of the various sources of sensory feedback would influence the resulting patterns. Since the transition from level to hill walking involves a reorientation of the body with respect to gravity, signals representing body orientation could contribute to the altered motor patterns. This signal can, in principle, be derived from information about orientation of the body with respect to the head from neck proprioceptors and orientation of the head with respect to gravity from the vestibular apparatus. Integration of these two signals during walking transitions can provide an estimate of body orientation with respect to the gravitational vector [5] .
In terms of timing, muscle activity patterns due to modifications in head pitch are immediate and transitory. On the contrary, muscle activity patterns due to modifications in treadmill pitch are delayed and prolonged. For instance, during uphill and downhill walking, when the head pitch was parallel to the treadmill muscle activity patterns did not immediately resemble the optimal intact cat hill walking patterns. To add, following the labyrinthectomy, it appears that the neck proprioceptors independently initiated modifications to muscle activity patterns appropriate Table 3 . Values are mean þ standard deviation for the active periods of the first step of three conditions, with three trials for each animal. Bold values represent a statistically significant difference when compared with level walking with the head pitch parallel, p , 0.05. Each column label is an indication of the treadmill pitch followed by the head pitch. For example, up-dn denotes when the treadmill was pitch up and the head was pitch down. for hill walking. In detail, following removal of the vestibular organs, altering head pitch during decerebrate cat level walking causes significant muscle activity pattern changes that resemble intact cat hill walking muscle activity patterns. Our results demonstrated that vestibular information directly contributes to the prolonged regulation of central pattern generation, but our results did not demonstrate whether cutaneous receptors or limb proprioceptors contribute to pattern generation. These afferents could certainly provide information about body orientation, which is known to influence central pattern generation. In fact, contribution from cutaneous and limb afferents is probable since uphill and downhill walking alters both the direction and the magnitude of limb forces [66] , and head pitch could transmit a change in force to the limbs. However, our data indicate that neck and vestibular afferent information is the primary source of sensory information in this context. First, the positions of the limbs were unaltered during our head pitch or hill conditions, so feedback regarding body position from the limbs was not modified. Second, the delayed effect of head pitch corresponded to the response to treadmill slope and the delayed effect was eliminated by the labyrinthectomy. Thus, it is unlikely that cutaneous and limb afferents are responsible for the changes in muscle activity during our experimental conditions. But, in natural surroundings, forces and joint angles would probably change for the different tasks, and sensory information from the limbs would thereby govern pattern generation as well.
Our data illustrate the effect of neck proprioceptors on muscle activity during walking, which is similar to early findings during postural tasks. Magnus & de Kleijn [67] collected muscle activity data on standing cats. They performed a bilateral labyrinthectomy and manipulated head pitch to examine the independent influence of the neck proprioceptors. A head down orientation triggered increased muscle activity in the hind limbs. By contrast, a head up orientation triggered increased activity in the forelimbs [67] . Together our data demonstrate that the neck proprioceptors can modulate muscle activity patterns in the limbs without vestibular organ feedback. In other words, these afferents are potentially regulating the central pattern generator.
With respect to our conclusion regarding the neck proprioceptors, we do not dismiss the functional importance of the vestibular afferents and recognize the constraints of our protocol. One interpretation is that this delay in the vestibular response is due to the fact that the experimenter imposed the head movements. In voluntary head movements, associated motor commands to the brainstem could result in more complete cancellation of the two signals. Alternatively, the advanced neck afferent signal could provide an initial priming of the change in motor pattern. The summation of these two signals solves the problem identified by Holst [68] and Holst & Mittelstaedt [69] . Since voluntary head movements would result in equivalent changes in both signals, the subtracted value representing body orientation would remain constant for that particular slope and direction. These interactions were further quantified by work of Boyle & Pompeiano [70, 71] and Ezure & Wilson [72] . Also, the interaction of the neck and vestibular afferents could, in principle, provide an estimate of body orientation in space to the spinal cord or the cerebellum [4, 5, 73] . We suggest that this estimate of body orientation reaches the spinal central pattern generators and modulates activity in the appropriate way, perhaps through the pattern formation network of the spinal central pattern generator [74] . If, as is often the case, the animal maintains its head level with respect to gravity, then body orientation is coded by feedback only from neck proprioceptors.
The present experiments are relevant to human health for several reasons. First, recent studies have demonstrated similar results between mechanical demands and EMG patterns in humans [75, 76] . Little is known about the mechanisms that mediate appropriate adaptation of muscular activation patterns during these tasks. We recognize that the strategies used by bipedal animals might be somewhat different from those used by quadrupeds. However, both humans and animals use similar sources of sensory information, and defining these sources and the manner in which they are integrated is a major goal of this project. Second, elderly individuals have difficulty navigating changes in slope and surface. Our data provide evidence that the decline of balance could be a result of proprioceptive afferent deterioration. Third, one of the promising current approaches to the treatment of spinal cord injury is to take advantage of the intrinsic motor capacities of the spinal cord, including the central pattern generator, using spinal cord stimulation. In order to make muscle activity patterns appropriate to the slope, it is important to understand how spinal circuits use sensory cues to adapt to different surfaces. The present studies demonstrate that sensory information is required to appropriately regulate the central pattern generator, and provide a basis for designing engineered control systems for this purpose.
SUMMARY
Humans and animals adopt a distinct neuromuscular strategy during the transition between a level and hill surface. Healthy young adults adjust their neuromuscular patterns at least four steps prior to transitioning onto a hill surface. Typically, the changes in muscle activity were due to co-contraction of opposing muscle groups and these changes correspond to modifications in head pitch. During all of the anticipation strides, as well as during uphill walking, head pitch was less than level walking, but during downhill walking head pitch was greater. As for our animal experiments, head pitch significantly influenced the muscle activity patterns of the decerebrate cats. In addition, it appears that the neck proprioceptors may be an initial source of feedback for upcoming surface slope transitions. Together, these results illustrate that transition strides are functionally distinct from either level walking or hill walking independently. In the future, we aim to explore if these transition strategies found in the laboratory are used in the real world.
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